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(g) Method for evaluating formations and bit conditions. 

(s?) A method for evaluating formations and bit 
conditions is presented. The present invention 
processes signals indicative of down hole 
weight on bit (WOB), downhole torque (TOR), 
rate of penetration (ROP) and bit rotations 
(RPM), while taking into account bit geometry 
to provide a plurality of well logs and to 
optimize the drfillng process. Drilling oper- 
ations are monitored and adjusted in response 
to these processed signals and logs. The pro- 
cessed signals may include the following sig- 
nals: drilling response, differential pressure, 
pore pressure, porosity, porosity compensated 
tor formation effects, drilling alert, bit wear 
factor, abnormal torque, and bearing wear. The 
logs may Include a drilling response log, a 
differential pressure log, a porosity log, a por- 
osity log compensated for formation effects, a 
drflling alert tog, a wear factor log. a torque 
analysis log and a bearing wear log. 
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Background of the Invention: 

This invention relates to a method for evaluating drilling conditions while drilling a borehole. More partic- 
ularly, this Invention relates to a method for evaluating formations and bit condition while drilling. Further, this 
5 invention relates to a method for providing drilling alerts when Inefficient drilling conditions are identified. 

Adrfll string generally has a lower portion which is comprised of relatively heavy lengths of uniform diameter 
drill collar. A drill bit is attached to the downhole end of the drill collar, where a portion of the weight of the 
collar is applied causing the bit to gouge and crush into the earth as the drill string is rotated from the surface 
(e.g., a rotary table with slips). Alternatively, a downhole motor is employed to rotate the bit The downhole 
10 motor is generally employed In directional drilling applications. 

Measurement-while-drilling (MWD) systems are known for Identifying and evaluating rock formations and 
monitoring the trajectory of the borehole in real time. An MWD tool is generally located in the lower portion of 
the drill string near the bit The tool is either housed in a section of drill collar or formed so as to be compatible 
with the drill collar. It is desirable to provide information of the formation as close to the drill bit as ts feasible. 
15 Several methodsfor evaluating the formation using the drill bit have been employed. These methods eliminate 
the time lag between the time the bit penetrates the formation and the time the MWD tool senses that area 
of the formation. The measurements available are rate of penetration (ROP) and bit revolutions per minute 
(RPM) which are determined at the surface and, downhole weight on bit (WOB) and downhole torque on the 
bit (TOR) which are derived from real time Insitu measurements made by an MWD tool. WOB and TOR may 
20 be measured by the MWD tools described in U.S. Patent Nos. 4,821,563 and 4,958,517, both of which are 
assigned to the assignee hereof. 

Methods employing ROP, RPM, WOB and TOR measurements have been developed to determine certain 
formation characteristics at the drill bit One such method is disclosed In U.S. Patent No. 4,883,914 to Rasmus. 
The Rasmus patent employs the aforementioned measurements (I.e., ROP, RPM, WOB, and TOR), a gamma 
23 ray measurement and a resistivity measurement to detect an overpressure porosity condition. The gamma ray 
and resistivity measurements are included in order to account for the volume of shale and the apparent resis- 
tivity in the formation. It Is known that an overpressure condition occurs when water is trapped in a porous 
formation (i.e., overburden). This overburden condition prevents the shale in the formation from further com- 
paction, whereby the compressive stress is transmitted to the interstitial water. Therefore, this portion of the 
30 formation will have a supernormal pressure when compared to that of the surrounding formation. The met hod 
of U.S. Patent No. 4,883,914 employs this overpressure porosity to determine desired drilling mud pressure, 
pore pressure (i.e., formation pressure) and formation strength. 

U.S. Patent No. 4,852,399 to Falconer discloses a method for distinguishing between argllaceous, porous 
and tight formations by computing formation strengt h from ROP, RPM, WOB and TOR. The formations are dis- 
55 tinguished by setting upper and lower shale limits. 

European Patent No. EP 0351 902A1 to Curry et al discloses a method for determining formation porosity 
from WOB and TOR measurements which factor in the geometry of the drill bit 

U.S. Patent No. 4,697,650 to Fontenot discloses a method of compling a history of ROP, RPM, WOB and 
TOR measurements. U.S. Patent No. 4,685,329 to Burgess discloses a method of compiling a history of 
40 TOR/ WOB and ROP/RPM based ratios in order to Identify trends such as bit wear, pore pressure variation and 
changes in Irthology. 

U.S. Patent No. 4,627,276 to Burgess et al discloses a method for determining wear of milled tooth bits 
from a bit efficiency term which is derived from ROP, RPM, WOB and TOR measurements and bit geometry. 

4ff Summary of the Invention: 

The above discussed and other drawbacks and deficiencies of the prior art are overcome or alleviated by 
the method of the present invention for evaluating formations and bit condition while drilling. In accordance 
with the present invention, an MWD tool located near the bit of thedrill string provides measurements of down- 

50 hole weight on bit (WOB) and downhole torque (TOR). Additionally, rate of penetration (ROP) and bit revolutions 
(RPM) are measured and calculated at the surface. Provisions are made for drag and impact drill bits. These 
measurements and bit geometry data are processed by a processor to generate the following outputs: nor- 
malized torque (TOR / (WOB D)), rock drillabllity (ROP D / (WOB RPM)) and drilling response (TOR 
ROP / (WOB 2 RPM)). From these output signals a plurality of processed signals and logs are generated by a 

85 plotter. These logs aid in evaluating the formation and the bit 

For example, from a plot of normalized torque TOR / (WOB D) versus rock drillability ROP D / (WOB RPM), 
lithologies can be identified so that drilling operations can be adjusted accordingly. Further, drilling problems 
(e.g., bit balling, stabilizer caught on a borehole ledge, drill string sticking) can also be Identified from this plot 
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by noting any excursions away from the norma! trend line Such a plot can be generated at the processor and 
plotted by a plotter. 

The above signals are further processed with the additional measurements of gamma ray and mud density 
(mud pressure is derived from mud density) the following signal outputs are provided: drilling response, per- 

5 osity, porosity compensated for formation effects, differentia! pressure, pore pressure, drilling alert, bit wear 
factor (i.e., tooth/cutter wear), torque analysis (i.e., abnormal torque increase or loss) and bearing wear. Each 
of these signals may be employed to optimize the drilling process. 

These signals are still further processed to provide the following logs: drilling response log, porosity log, 
porosity log compensated for formation effects, differential pressure log, drilling alert log, bit wear factor log, 

10 torque analysis log and bearing wear log. Each of these logs are generated by the graphical plotter. 

The drilling response log can be used to identify formation changes, underbalance and overbalance drilling 
conditions, and other drilling problems at the bit while drilling. The porosity log provides an early indication of 
the porosity of the formation to reinforce/substitute other prior art porosity analyses, so that drilling conditions 
can be modified accordingly for the formation. The porosity log compensated for formation effects provides a 

15 better indication of a possible commercial hydrocarbon formation. The differential pressure log provides an ear- 
ly indication of formation pressure so that drilling conditions can be optimized (e.g., adjust mud density). The 
drfliing alert log can be used as an indicator of a potential drilling problem while drilling. The specific drilling 
problem or problems can be further evaluated by monitoring other logs commonly provided In drilling opera- 
tions. The drilling alert log may indicate that drilling operations should cease and the drill string tripped or that 

20 drilling conditions be otherwise modified while drilling continues. The torque analysis log provides an early in- 
dication of such problems as undergage stabllzers, formation squeeze, cutter wear (i.e., tooth wear) and 
sloughing shales. The bearing wear log only applies to impact bits and provides an early indication of bearing 
wear. The bit wear factor log represents the degree of cutter/tooth wear in a bit for both bit types. The drill string 
would be tripped and the bit changed in response to the excess bit/bearing wear indications by the correspond- 

25 ing log. 

The above-discussed and other features and advantages of the present invention will be appreciated and 
understood by those skilled in the art from the following detailed description and drawings. 

Brief Description of the Drawings: 

30 " ■ 

FIGURE 1 Is a combined side elevational view and block diagram depicting a drill string while drilling a 
borehole employing a MWD scheme in accordance with the present invention. 

FIGURE 2 is a block diagram of the processor shown in FIGURE 1, illustrating the functions performed 
by the processor; 

35 FIGURE 3 Is a side elevational view of the single tooth of a drag bit for use with the drill string of FIGURE 

1s 

FIGURE 4 is a plot of the Coulomb- Mohr faBure envelope; 

FIGURE 5 Is a side elevational view of a single tooth of an Impact bit for use with the drill string of FIGURE 
1; 

40 FIGURE 6 is a plot of normalized torque versus rock driHability for the drill string of FIGURE 1 ; 

FIGURE 7 is a drilling response log in accordance with the present invention; 
FIGURE 8 Is a porosity log in accordance with the present invention; 

FIGURE 9 is a plot of porosity versus the fogrithmfc value of a drilling response for a formation; 

FIGURE 10 is a porosity log compensated for formation effects in accordance with the present invention; 
45 FIGURE 11 is a drilling response log in accordance with the present invention; 

FIGURE 12 Is a plot of a transformed differential pressure curve versus volume of shale in a formation; 

FIGURE 13 is a differential pressure log in accordance with the present invention; 

FIGURE 14 is a drilling alert log in accordance with the present invention; 

FIGURE 15 Is a bearing wear log in accordance with the present invention; 
so FIGURE 16 is an torque analysis log in accordance with the present invention; and 

FIGURE 17 is a bit wear factor log in accordance with the present invention. 

Description of the Preferred Embodiment : 

55 Referring initially to FIGURE 1 , there is shown a drill string 10 suspended in a borehole 12 and having a 

typical drill bit 14 attached to its lower end. Immediately above the bit 14 is a tool 16 for detection of downhofe 
weight on bit (WOB) and downward torque (TOR). Tool 16 comprises a first MWD tool such as described in 
U.S. Patent Nos. 4,821 ,563 and 4,958,517, both of which are assigned to the assignee hereof and incorporated 
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. herein by reference, to provide WOB and TOR measurements. Tool 16 also comprises a second MWD tool 

ll »Z2£ J*" - N °- 4 ' 716 ' 973 - *** ,S ass *" ad to tha — B*- herein 

by reference, to provide a gamma ray measurement The output of tool 16 Is fed to a transmitter = 

s 71 pu 86 te,emetry sy8tem such 88 described in us - pate ™«- •*SuM*iSETi£ 774 g " a ; 

s °f which are assigned to the assignee hereof and incorporated herein by reference). The Wn£ 18 fe 2 

Tte sSTs J ^ 2" 9 ; 0)anacousticsi 9 na "hat is modulated in accordance with sensed data. 

The signal is detected at the surface by a receiving system 20 and processed by a processing means 22 to 

« ri r8< ^ aWe ^ repreSentetive of ,he measurements. Although an S3c*TSl2£ 

w 'l ent,0ne<1 herein ' ° ther types rf «««*y sterns may be employed, ^^ngU^^Z- 

T^ST?" 9 a " nte ', l ^ b,e Si9na ' *»" to tha -rface during the dril ling opZoT 

ray and I formabon resistivity). Each of these additional tools in section 24 may also be ^^"0^^^ 

pZs^^^ Jn!^ 8 ^ P r eMin9 ftJnCKOnS Perf0fmed wrth,n tha aurfa « P~*9 meTns 22. 
w^f ^rS,^ „ S ^ V pro9rammed 9 eneral ^"Pose digital computer. The functions performed by the soft- 
ZZ£££^T£ Pr ° CeSSOr 22 3re flenaral, y indicated in ftmellonal block form at 26 and 28. Specifically 
R^^P^nnT T P ° rti0northe *"wareof processor 22 which receives as inputs WOB, TOR 
■ ROP and bft geometry and generates the following outputs: normalized toroue TOR / rwoa d> rrw* hhil 
ability ROP d / (WOB RPM) and drilling response TORROP^WOB^ «££^^££?£. 

ZT^S'ZZTZ to ' ,OWin9 ° UtfXJt 8i9na,8: dri " ,n 9 response ' «* Polity compensated for 
formation effects, differential pressure, pore pressure, drilling alert, bit wear factor (i. e ., tooth/cutter wear) tor- 
que ana^ys* (,.e., torque increase or torque loss) and bearing wear. Each of these signal be em Jlov^d 

l^fh^' P Tl V ^ P ° rOSlty 109 compen8ated for formation effects, differential pressure tog. drilling 
TZ^T*' ° r '° 9 ' torque 3nalySls and beari "9 "OS- Each of these logsaS afsp^ed byl 
Kes^ 

m / r'^ 1 fora ^ uatin a formations and bit condition at the bit while drilling is presented. Provisions are 
ri ^^r bHS - ^ 9Bn6Ta " y ^-vstamne diamonS compact bt SSftSi £ 

moving parte and dnll by a scraping motion. Impact bits Include single or multi-cone bits which may Include 
insert and ml.ed tooth bits and which driil by a chipping and crushing motion and/or by a 7^ aTecraX 

a e ^TJ^T^l ^ Mm 3t th6 formaB ° n (i e - dr8li "S •^rx.nee) is dependent upon cutter design 
£e., brt geometry). Cutter desgn factors include bit diameter, type of bit (i.e.. impact or drag) and bit wear 
DnHing response also depends on WOB and RPM. The more weight applied to theWt the oreatert he rot 
The h^nertheRPM. the greater the ROP. However, these factors^ ZH tZ^ZSS^ 

TLTrZ^^J.^^ ( ' e - P ° roUS - 8hate ° r ^ to ba considered whei 

The difference between mud pressure and pore pressure also affects the drilling response When mud 
pressure Is greater than pore pressure it is harder to drill the formation (e.g.. chip AZ^^EjtoS 
^ly when pore pressure is greater than mud pressure it is easier to drOI the foVmatio^nT^r th^S 
sto^v^r 7 bOreh0leC0,,aP8e - «nd for safety considerations, it is deskabto to SSL 
USSSS^ PreSSUre 10 P ° re Pr8SSUre to aWid these probtems withou « a a «9"^"« -PHOt " 

J e "^ aldril,in ? models have baan developed and are described below for the impact and dreg bits. Initially 

1ST, 8re baSed m the ana,ysis * a sin9le cutter Thereafter, the models are integrated toprovWe a 

model for a complete bit These models are to be stored in the memory portion of procaSfc 

POLYCRYSTALLIN E DIAMOND COMPACT (PDC) BIT MODEL 

rfM S e i e Ifi^ OW to ^'f^ 3 ' for P^^es of modeling a PDC bit. a single cutter model is used. Hydraulic 
all drilled Particles and cuttings. Acutter 50 is shown moving relative to rock formation 52. The direction of move- 
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merit is indicated by an arrow 54. It is assumed that a chip 56 is formed by the shearing process of cutter 50 
against formation 52. The shearing process is confined to a single plane 58 (I.e., failure plane) extending from 
a cutting edge 60 to a surface 62. Chip 56 is held in equilibrium by a plurality of forces exerted by formation 
52 and cutter 50. 

5 Forces (Fv) and (Fh) represent the respective normal and horizontal components of the erternaJ forces 

acting on cutter 50. Angles (6) and (9) represent the back and side rake angles respectively. Angle (6) repre- 
sents the angle of the failure surface 56. Along surface 56 the stresses are in equilibrium and are defined by 
the Mohr-Couiomb failure criteria. Drilling mud pressure (Pm) is assumed to act on the free surface 62. 
The normal and horizontal external forces Fv and Fh acting on cutter 50 are defined by: 
10 Fv = R sin(9 + 00 Eq. 1 

Fh = R cos(0 + Of)/ cos(q>) Eq. 2 
where R is the resultant force acting on surface 58, and 61 is the angle of friction and is related to the coefficient 
of friction ftif) between the bit and the cutter by: 

uf = tan(Of) Eq. 3 
15 The area of cut (Ac) in formation 52 is defined by: 

Ac = Ap cos(0) cos(<p) Eq. 4 
where Ap is the area on cutting edge 63 corresponding to the area of cut Ac. 

The resultant force Fa on surface 58 due to the effective mud pressure Pm is defined by: 

Fa = Pm (Ap cos<9 + 6)/sin(6)) Eq. 5 
20 The normal force (N) and shear force (T) on surface 56 are defined by: 

N - R sln{8 * Of + 6) + Fa sin(S) Eq. 6 
T = Rcos{6 + 6f+6) - Fasln(6) Eq. 7 
Rock formation 52 falls when shear stress exceeds a critical threshold value. The Mohr-Coulomb failure 
criteria is shown in FIGURE 4 and is defined as follows: 
25 c = x, - |i (Of - Pp) Eq. 8 

where Pp is the pore pressure. 

The average shear stress (tf) and the average norma! stress (o,) are defined by: 

Tf « (R oos<e + Of ♦ 5) - Pm sin(6)) sin(6) co&(v) / Ac Eq. 9 
Of = (Rsin(8 + 0f +6) + Pm cos(6)) sin(6) cos(iq>) / Ac Eq. 10 
30 The coefficient of internal friction is defined by: 

li- tan((j>) Eq. 11 

where 4 is the angle of internal friction, FIGURE 2. The cohesive strength (c) ts defined by: 
y c = Sc (1 - sinfo) / (2 cos(<|>)) Eq. 12 

where Sc is the rock compressive strength. 
35 Substituting Eqs. 9 and 10 into Eq. 8 gives: 

(R/Ap) sin(8) cos(e ♦ Of + * + 6) - Pm cos(0 + *) sln{9 + +) = (c - Pp tan(<|>)) cos<0) cos(*) Eq. 12A 

Failure will occur when the maximum value of the shear stress equals the cohesive strength c. The maximum 

value of (tH<rf-Pp) tan(4)) occurs on a plane inclined at failure angle 5. Using the resulting equation and Eq. 

12a. the resultant force R at surface 58 can be expressed as: 
40 R = Ap 2c (cos(G) cosfo))/ [(1 - sin(9 * Of + *)) f(Pp,Pm)] Eq. 13 

where the differential pressure factor f(Pp. Pm) is given by: 

f(Pp. Pm) = 1 / (1 + (Pm - Pp) a) and, 

a = (cos(9f) + sin(*-9))/(2c cos(G) cos(*)) 
If rock drilling strength is def ined as: 
45 a = (Fv cos(<p))/(Ac tan(8)) Eq. 14THEN 

by solving Eqs. 4, 12 and 13 for Ac and substituting Ac and Fv (Eq. 1) into Eq. 14 the normal stress a is ex- 
pressed as: 

a = Sc (1 - sin(W) sin<9 + 61) / (f(Pp, Pm) tan(9) (1 - sin(9 + 9f + *))) Eq. 15 
Rock shear strength can be defined as: 
so t - (d FhcGs*(<p))/Ac Eq. 16 

assuming that the shear force Fh is proportional to the area of cut Ac and where d is a constant Then by 
solving Eqs. 4, 12 and 13 for Ac and substituting Ac and Fh (Eq. 2) into Eq. 16, the shear stress x is expressed 
as: 

x = c1 Sc (1 - sin(<(>)) cos{8 + Of) / (f(Pp t Pm) (1 - sin{9 + 9f * «)) Eq. 17 
65 it will be appreciated that both normal stress a and shear stress x are a function of 5P which is the difference 
between the mud pressure Pm and the pore pressure Pp. 6P is referred to herein as differential pressure and 
is an important feature of the present invention. 

The effect of cutter wear can be included in Eqs. 14 and 16 as follows: 

5 
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« « . . Fv = a((Ac/cos(9)lan{9)) + Aw) Eq.18 

where Aw is the area of the wear surface on cutter 60, and 

Fh = t ((Ac / (cos(<p) c1» + He{<r/T) Aw) Eq. 1 9 

. T^TJIS^Z^ -«!— — '"—< — • - mm Wm. « w 

tk „. , Fh = fc Fv Cos(,p) * Ac ( T/c1 ) C " Mw/t) (tan(9) d) Eq. 20 
The model far a angle cutter is now expanded to provide a model for a complete bit. It is assumed that all 
cutters onthe bit can be arranged such that they form a single cutter of radius D/2 where D is the bit diameter 
The force dFv acting on a small element of cutter 50 of a length dr is given by °<ameier. 
10 dFv = <2WOB/D)dr Eq. 21 

The force dFh required to gouge cutter 50 through formation 52 is derived from Eq. 20 as follows 

„ w t dFh " K«dFvcos(<p)+ dAc(T/d)(1 - h.(o7t) (tan(9) d)) Eq.22 

the torque dTOR required to gouge cutter 50 through formation 52 is given by: 

dTOR = dFhr Eq. 23 

f" b f^"9 dFh 22> into 23 then integrating Eq. 23 results in the following expression for torque on 
t he Drt (TOFv). 

TOR = p. cos(<p) WOB D/4 + (t/d) (1 - ^(o/r) (tan(9) d) r dAc Eq. 24 

«. ^SrfST? * "** S l eUl by CUtter 50 ° f ,ength (dr > * a radius « torn the center of the bit in one rev- 
olution of the bit is expressed as; 

dV = 2*rdAc Eq. 25 
The volume (V) of rock removed by the bit in one revolution can be expressed as 

V = (tcD2/4) ROP / RPM Eq. 26 

™t 030 be S ° ,Ved to reSUft in the fo,lowin 9 expression for normalized torque TOR / (WOB D) 
TOR / (WOB D) = W4) cos( 9 ) + <i/8 d) (1 - m(a/ T )) (te n {9) d) (ROP D / (WOB RPM)) Eq. 27 
where (ROP D / (WOB RPM)) is referred to herein as rock driHabflity. Eq. 27 can be expressed as- 
TOR / (WOB D) « Si + S 2 (ROP D / (WOB RPM)) Eq. 28 

where: 

Si = 0^/4) C09(<p) 

S2 = <x/8c1)(1 - m(o/x)) (tan(8) d) 

. . normafbed to*™ and the rock drfllability signal for a drag bit are defined by the above desert- 
bed relationship. 

Eq. 18 can also be expressed as: 

Fv = (afr\) Ac sin{6) / cos<<p) Eq. 29 
where the wear factor r\ is an indicator of bit/cutter condition and can be expressed as: 

il = 1 / (1 + Aw cos(<p) / (Ac tan(6))) Eq. 30 
where Tj varies from 1 (for a new bit) to O (for a completely worn bit). 

The term (WOB RPM / (ROP D)) which ts the inverse of rock driliabMty ROP D / (WOB RPM) Is related to 
rock strength ct and wear factor t| by: 

WOB RPM / (ROP D) = ((a/2) tan{6) / cosfo))^ Eq. 31 
Normalized torque TOR / (WOB D) is expressed below incorporating the wear factor term n as: 
TOR / (WOB D) = (t/<t) (cos(q>)/4 d tan(G)) ffa) Eq. 32 

where: 

f(tl) - n + ^(1 - ti)(it/t) c1 tan(8) 
Drilling response Is defined as (TOR ROP / (WOB2 RPM)) and Is given by. 

^ TOR ROP /(WOB* RPM) = (x/o*) (cos^) / (2 d tar^ (0))) n f(r,) Eq. 33 

wnei w in i 

TOR ROP / (WOB* RPM) = (tAt*) (cos(<p)/ 2 d tan*<©))); 
for a new bit (where r\ = 1) and. 

*> log te de^neo^y 82 ^ = * " ~ mp,eWy WOrn blt <wherB T l= a °) An expression for a drilling response 
^tog (TOR ROP / (WOB* RPM)) = log (x/o*) + log ((1/ (2 d tan*(8))) + log (nffit,))) * log C Eq. 34 

C = c«^<p)/(tan2(9)2c1); 

55 V V°: , * refer,Bd to hereln as ^e formation response; and log (cos2(q>) / (tan^O) 2 d)) is a bit related con- 
stant and the term log (r\{f{r\)) t is related to formation compaction/bit wear. Therefore, the drilling response log 
represents a formation response curve superimposed on a formation compaction curve. The drilling response 
signal and the drilling response log are defined by the above described relationships. It will be noted that the 
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effect of bit/cutter on the drilling response is compensated for by introducing a shale base line (to be described 
hereinafter). 

IMPACT BIT MODEL 

5 

The model for Impact bits is based on the penetration of a wedge into rock formation and is divided into 
two parts: (1) where the formations is drilled by the crushing or chipping action of the bit (e.g. for medium to 
hard formations), and (2) where the formation is drilled by the gouging action of the teeth (e.g., for soft for- 
mations). The model is combined forthe case where both crushing and gouging are present. In the derivation 
10 of the model hydraulic cleaning effects are not included and it is assumed that the bit hydraulics are sufficient 
to remove all drilled particles and cuttings. 

Referring to FIGURE 5 wherein terms common to the drag bit (PDC) model are also used for the impact 
bit model. For purpose of modeling an impact bit a single cutter model is used. A cutter 76 is shown moving 
relative to rock formation 7fl. During the chipping process when a depth of penetration is reached stresses 
is develop which are sufficient to cause the rock formation to fail. The cutter 76 chips a region of formation 78 
when a depth (x) is reached, a chip 80 is formed having a failure plane 82. It is assumed that the failure plane 
82 extends from a flat portion 84 of cutter 76 to a surface 86. 

Force (P) represents the external force acting on the cutter 76. An angle (9) represents half the wedge 
angle, an angle (5) represents the angle of the faflure surface 82 and L represents the wedge length. Cutter 
20 or tooth 76 penetrates formation 78 at depth x. Along the failure surface 62 the stresses are in equilibrium and 
are defined by the Mohr-Coulomb failure criteria. 

Drilling mud pressure (Pm) is assumed to act on surface 80. The external force P acting on cutter 76 is 
related to the resultant force R acting at the surface 86 and is given by: 

P = 2 R sin(8 + 8f) Eq. 35 

25 where 6f is t he angle of friction. 

The force Fm on surface 62 due to the effective mud pressure Pm is defined by: 

Fm - Lx(tan(6) + cos(6)) Pm Eq. 36 
The normal force (N) and shear force (T) on surface 82 are expressed as: 

N = Rsin(e + 0f + 5) + Fmcos(S) Eq. 37 
30 T ■ R cos(0 + 6f + 5) - Fm aln(d) Eq. 38 

where the angle of friction Of is related to coefficient of friction |xf between the rock and tooth by uf ■ tan (6f). 
The average shear stress fa) and the average normal stress (a f ) along surface 82 are defined by: 

= <sin(6)/x L) (R sin(9 + Of + +) + Fm cos(S)) Eq. 39 
Tf = (sin(8)/x L) (R cos(9 + 8f + <>) - Fm sin(5)> Eq. 40 
35 The Mohr-Coulomb criteria states that failure occurs when shearing stress t, exceeds the sum of cohesive 

strength c and fractional resistance to slip along the failure plane and is expressed by: 

It, I - o f tan(4) = c - Pptan(« Eq.41 
where 4> is the angle of internal friction. 

Thus, failure will occur when the maximum value of shear stresses equal the cohesive strength c, the max- 
40 tmum value occurring at the faflure angle 5. The effective cohesive strength c is defined by: 

c = (Sc/2(1 - sin(<»)/cos<<|>) Eq.42 
where Sc is the rock compressive strength. \ 

Eqs. 39-42 can be solved to provide the following expression for the resultant force R: 

(R / x L) = (2c cos(8) cos(<W / (f(Pp. Pm) (1 - sin(6 + 8f ♦ ♦))) Eq. 43 

45 where: 

f(Pp, Pm) = 1 / (1 ♦ (Pp, Pm)y); and 
Y = (cos(9f) + sin(<> - 8)) / (2c cos(8) cos(«) Eq. 44 
The same result can be obtained when the gouging action of the tooth is also present \n that case: 

P = R sin(9 + 90 Eq. 45 
50 H = R cos(9 + Of) Eq. 46 

where P is the force required to maintain the depth of penetration and H is the gouging force. The effective 
area (Ae) under the cutter with crushing only is expressed as: 

Ae = 2 x L tan(8) Eq. 47 
The effective area Ae (Eq. 47) including the affects of gouging and crushing is expressed as: 
55 Ae = xLtan(S) Eq- 48 

If rock drilling strength Is defined as: 
a = P/Lxtan(e) 

and rock shear strength is defined as t = H / C1 L x where C t is a constant of proportionality, fn either case 
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normal stress a and shear stress t can be expressed as: 

o = Sc (1 - sin(W) 8in(9 * 9f) / f(Pp, Pm) tan(9) (1 - sin(9 + 9f + +) Eq. 49 
% = d Sc (1 - sin($)) cos(9 + 0f) / (f(Pp, Pm) (1 - sin(e + ef + *))) Eq. 50 
The effect of cutter wear on force P can be included as follows: 
5 P = <t((Lx tan(e)) + Aw) Eq. 51 

and, the effect of cutter wear on force H can be factored in as follows: 

H = t((Lx/c1) + .u.(c/t)Aw) Eq.52 

where Aw = 2 Lx1 tan (6) 

If it is assumed that al! cones of the tricone bit act as one composite cone then all teeth in contact on the 
10 three cones can be treated as a continuous set of teeth having a length approximately equal to the bit radius 
on one row of the composite cone. Thus, P = 2c2WL/D where c2 is a constant for the bit. Also as the bit* 
rotates, each tooth under the influence of applied weight crushes the rock first and then scrapes it Since 
crushing and scraping follow each other almost simultaneously, the resultant weight applied to the formation 
is through the flat 84 (FIGURE 5) and one side of the tooth. The scraping action is caused by the cone offset 
is In general, particularly for softer formations, a greater percentage of rock removed per revolution (and conse- 
quently the amount of work done in removing the rock), is believed to be due to the gouging action of the teeth. 
For purposes of modeling it may be assumed that total work (Wt) done by the bit in one revolution during crush- 
ing and gouging is divided as follows: 

Wt = a1 Wg + (1 - a1) Wc Eq. 53 
20 where a1 is a factor dependent on rock and bit Wg is the work done by gouging, and Wc is the work done by 
crushing. The work done per revolution during gouging Wgo can be expressed as: 

Wg 0 = a1 (H / L) (kD*/ 4) Eq. 54 
The work done per revolution In crushing Wc r can be expressed as: 



X+Xl 

wc r » <l-cil> J P Ni dy Eg. 55 



30 



Xl 



where: 

P = <r L y tan(0); and 

N, is the number of tooth impacts per revolution; 
x1 is the wear depth as is shown in FIGURE 5; 
36 x is the penetration depth as is shown in FIGURE 5. 

Further, it is assumed that the total volume (Vt) of rock removed is contributed in a stmBar manner by both 
gouging and crushing action and is expressed as: 

Vt = «1 Vg + (1 - a1) Vc Eq. 56 
where Vg is the volume of rock removed by gouging, and Vc is the volume of rock removed by crushing. The 
40 volume of rock removed during gouging Vgo can be expressed as: 

Vgo = a1 (*D*/4)x Eq. 57 
The volume of rock removed during crushing/chipping Vc, can be expressed as: 

46 X+Xl 

Vc r - (l-al> J Ni L Cr tan(G) y dy Eq. 58 

xl 

where: 

so Cr = tan(5) / tart(e) 

When crushing without chipping Cr = 1 and (e+£)< 90°. The cones and cutters on a bit are designed such that 
each tooth contacts the formation only once per revolution. The total number of indentations per revolution Ni 
is given by: 

Ni = Nt cosec(&c/2) Eq. 59 
55 where 8c is the cone angle and Nt is the total number of teeth on the three cones. 
The total work done (W) per revolution is given by: 
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W » 2* TOR « al <H/L> <*D2/4) + <1-«1> S P Ni dy 

Xl Eq, 60 



The total volume or rock removed (v) per revolution is given by: 

V - <tf / 4 D*> <R / N) m «1 (w / 4D2) x+<1 - ax) 
« x+xl 

X Ni L Cr tan (6) y dy Eq. 61 

xl 



15 Eq. 51 can also be expressed as: 

P = oLtan(8)x/ri Eq. 62 
where r| is the wear motor which is an indicator of bit condition. It can be expressed as: 

y\ = 1 /(1 + 2x1 /x) Eq. 63 
where r\ varies from 1 (for a new bit) to 0 (for a completely worn bit). 
20 Using Eqs. 60, 62 and 52 the following expression for torque TOR is obtained: 

TOR = a1 (CW8) (x/d) x (1 + u. d (ct/t) tan(8) (1 - r\)f n) * (1 - a1) NI a L tan(8) x 2 / (2nr\) Eq. 64 
From equations 61, 62 and 64, the following relation between normalized torque TOR / (WOB D) and rock 
dril lability ROP D / (WOB RPM) can be obtained: 

TOR/ (WOB D) = S, + S 2 (ROP Of (WOB RPM)) Eq.65 

25 where: 

S t = (a1 c2 / 4) (h((t / a) (1/c1 tan (6))) - tan(8) / tan (6)) + *i (1 - itf) 
S 2 = (atan(5))/(8tan(8)) 

The normalized torque signal and the rock drfll ability signal for an impact bit are defined by the above described 
relationship. 

30 The slope S2 is a constant and is function rock propertied only. The intercept S 1 which Is a function of a1 

and t| is representee of the contribution from gouging which changes with bit wear. Depending upon the sign 
of {{xfo) (1 / c1 tan(e)) - (tan (8) / tan (5)) the intercept Si on the normalized torque TOR / (WOB D) versus rock 
disability ROP D / (WOB RPM) plot (FIGURE 6) can be positive or negative. However, data indicates that the 
intercept is positive, thereby implying that (t/ct) (1 /d tan(6))^(tan (8) /tan(8)) Normalized torque TOR / (WOB 

35 D) and rock drillability ROP D / (WOB RPM) can be expressed as: 

TOR / (WOB D) ■ (TOR / (WOB D)) 0 f(r|) Eq. 66 

and 

ROP D / (WOB RPM) = (ROP D / (WOB RPM)) 0 ti Eq. 67 

where: 

40 Hn) = (71 ♦ (1 - n) (c2 u/ 4) / (TOR /{WOB Dflbfc Eq. 68 

(TOR / (WOB D)) 0 = (T/a) c2 / (4 d tan(8)) fl; Eq. 69 
f1 - a1 + (1-a1)B l (WOB/<yD2)(4c1/c2)(a/x)tan(8); Eq. 70 
(ROP D / (WOB RPM))o « c2 (2 / a tan(8» f2; and Eq. 71 
f2 = a1 + (1 -a1) B| (WOB / a D 2 ) tan(6). Eq. 72 
45 where B, = (2 c2 Ni L) / (71 D 2 tan(8)); is a bit dependent constant 

A drilling response term (TOR ROP / (WOB 2 RPM)) is def ined as: 

TOR ROP / (WOB 2 RPM) = <a1 2 c2 2 / (2 d tan^e)) (T/o^Hfl) (f2) (n «n)) Eq. 73 

wherein: 

TOR ROP / (WOB 2 RPM) = (TOR ROP / (WOB 2 RPM))* for a new bit in = 1 ), and TOR ROP / (WOB 2 RPM) 

60 = 0; for a completely worn bit (ri = o). A drilling response log is defined by: 

log (TOR ROP / (WOB 2 RPM)) = log(CC) ♦ tog(T/o*) + log(f1) + log(f2) * log (n f ft)) Eq. 74 
where log (CC) is a bit dependent term, log (t/o 2 ) is the formation dependent term, log (r\ f(n)) is the 
wear/compaction dependent term and log (f 1) and tog (f2) are generally small. The drilling response signal and 
the drilling response log are defined by the above described relationships. 

55 Referring to FIGURE 6 a plot of normalized torque TOR / (WOB D) versus rock drillability ROP D / (WOB 

RPM) is shown. The intercept (SO for ROP = O is a function of the wear factor tj and the coefficient u, which 
may vary for different formations. The slope (S2) of the plot is a function of rock stresses (t,c). The plot indicates 
that both normalized torque TOR / (WOB D) and rock drillability ROP D / (WOB RPM) increase for high por- 
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osity/sof t formations and decrease for low poroslty/hard formations. 

This plot provides formation evaluation at the bit in real time with only a mechanical response and may 
be provided by plotter 30 along with other drilling data. Uthologies can be determined by locating the normal- 
ized torque TOR / (WOB D) versus rock disability ROP D / (WOB RPM) ratio on a line 90. The plot at the left 

5 indicates a low porosity formation and at the right indicates a high porosity formation. It will be appreciated 
that as the cutters wear or the compaction of the formation increases the formation will appear to be harder 
to drill, thus the data points merge closer to the origin. A number of drilling problems will also cause the for- 
mation to appear harder to drill. Bit balling or imperfect cleaning are indicated by both ROP and TOR decreasing 
and WOB / TOR increasing. A drill string stabilizer caught on a ledge (below the MWD tool) wQI cause ROP 

io and normalized torque TOR / (WOB D) to decrease while WOB is increasing. Further, the drill string sticking 
at a bend is indicated by WOB, TOR, ROP and normalized torque TOR / (WOB D) decreasing. Similarly an 
undergage bit is indicated by ROP decreasing and TOR increasing. The above list is offered for purpose of 
illustration and is not intended to be a complete list of possible drilling problems. 

Referring now to FIGURE 7, an example of a drilling response log produced by plotter 30 in accordance 

15 with the present invention is shown generally at 91. This log 91 represents formation response at the bit in 
real time, thus identifying lithology changes and detecting problems at the bit prior to indication by standard 
MWD tools (located above the bit). From log 91 it can be seen that shale formations can be identified at 92 
and sand formations can be identified at 94. Further, low porosity or hard to drill formations can be identified 
at 96. For a constant WOB and RPM a high ROP and TOR indicates a porous formation (i.e., formation Iden- 

20 men at 94) and a low ROP and TOR indicates a hard to drill formation (i.e. . formation Id entrf ied at 96). A normal 
trend line 98 (i.e., the shale base line to be described hereinafter) represents normal shale compaction. Line 
98 is to be Initially orientated with log 91 to establish a reference for evaluating log 91. Excursions above line 
98 indicate porous/low density/low strength formations. Excursion below line 98 represent hard/low porosity 
formations. However, excursions below line 98 could also indicate other drilling problems. Slope changes in 

25 tog 91 represent underbalance (i.e., Pp > Pm) and overbalance (i.e., Pp < Pm) conditions and are identified at 
100 and 102 respectively. It will be appreciated that there is less resistance to drilling above the normal trend 
line 98 than below the normal trend line 98. Therefore, excursions above line 98 could be associated with eas- 
ier/efficient drilling and excursions below line 96 could be associated with less efficient drBling. inefficient drill- 
ing can be caused by any of the aforementioned drilling problems and/or other drilling problems. 

30 

FORMATION DRILLING POROSITY 

Porosity can now be determined wherein all porosities are converted to an equivalent porosity (e.g., sand) 
for purposes of modeling. The drilling log can be expressed by: 
35 log (TOR ROP / (WOB* ROM)) = log (TOR / (WOB D)) Q - log (WOB RPM / (ROP D)) 6 + log F(itf) 

Eq. 75 

If it Is assumed that a new bit is used (Le. t r\ = 1), normal pressure conditions exist (i.e., Pm - Pp = 0) and only 
one lithology with varying porosity is being evaluated, then (WOB RPM / (ROP D)) 0 and (TOR / (WOB D))o 
depend only on formation porosity and Eq. 75 can be expressed as: 
40 log (TOR ROP / (WOB* RPM)) = log (TOR / (WOB D))* 0> * - log (WOB RPM / (ROP D)) M (1 - O*) 

Eq. 76 

where N is an integer, (TOR/(WOB D))m and (WOB RPM/(ROP D)) M are matrix constants, and <D 0 is porosity. 
Solving Eq. 76 for 0» 0 and letting N = 2 (the quadratic form was found to best fit field results) provides the fol- 
lowing expression for porosity <X> 0 : 

<5 <X> 0 = A1 (logfTOR ROP / (WOB* RPM)))* * A2 (log(TOR ROP / (WOB 2 RPM))) + A3 Eq. 77 

where A1, A2 and A3 are constants which may be determined empirically or from data. The porosity signal and 
the porosity log are defined by the above described relationship. Referring to FIGURE 8, an example of a por- 
osity log produced by plotter 30 in accordance with the present invention is shown generally at 104. Log 104 
is shown in relation to drilling response log 103. This log 104 represents formation porosity, thus Identifying 

50 lithology changes and detecting drillings problems. 

Since Eq. 77 is good for only one lithology, to evaluate porosity for a sand-shale sequence the formation 
must be reduced to one lithology (e.g. sand porosity). The porosity of shale 4** at any depth is defined by: 

= O^e- CC3TVD) Eq.78 

where is the equivalent sand surface porosity of shale and C3 is a constant These constants <lw and 
55 C3 are determined from boundary conditions. Eq.78 is evaluated from a depth versus bulk density (a b ) rela- 
tionship for shales by the following relationship: 
te* - <r b ) / (a^-1) - aw e- (C3 wd) 
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where a* is the shale bulk density and <D 8he is the equivalent maximum (sand) porosity of shales and is obtained 
by assuming that the bulk density behavior of shales is the same as the bulk density behavior of sands. 

Referring to FIGURE 9, a plot of the drilling response log versus porosity in accordance with Eq. 77 is 
shown. The three constants A1 , A2 and A3 in Eq. 77 were determined by cross plotting known formation por- 

5 osity with log (TOR ROP / (WOB 2 RPM)) for clean sand-shale sequences (with a new bit & balanced condi- 
tions). In general, log (TOR ROP / (WOB 2 RPM)) is effected by pore pressure, bit wear, compaction and drilling 
problems. Overbalance conditions, bit wear and compaction will reduce the log's value and underbalance con- 
ditions will increase it Corresponding to each depth the shale porosity can be obtained from Eq. 78. The cor- 
responding expected log of the drilling response (log (TOR ROP / (WOB 2 RPM)) can be computed from Eq. 

10 77. By keeping track of shales and their corresponding log (TOR ROP / (WOB 2 RPM)) values whBe drilling, an 
average value of log (TOR ROP / (WOB 2 RPM)) can be computed for shale at each depth. If t he average value 
of log (TOR ROP / (WOB 2 RPM)) for shale is different from the expected value at any depth from Eq. 78, then 
the difference between the two values gives the correction necessary to compensate for pore pressure, bit, 
bit wear and compaction effects. To correct for these effects, a curve 87 given by Eq. 77 is then shifted by 

15 the amount of the correction 88 generating a shifted curve 89. The formation drilling porosity corresponding 
to the actual (measured) value of log(TOR ROP / (WOB 2 RPM)) at that depth is then obtained from the shifted 
curve. 

Since the formation at any depth is a mixture of sands and shales in different proportions, the computed 
drtling porosity reflects the effect of both these constituents. The porosity contribution from sands only (drilling 
20 sandstone porosity) is then obtained by eliminating the effect of shaie as follows: 

Osd = <*W - vsh 0^ Eq. 79 
where o*, is the drilling sandstone porosity (effects of shale removed), Is the computed drilling porosity 
(which Includes shale effects), Is the shale porosity from Eq. 78, and vsh Is the percentage of shales In 
the formation (from gamma ray measurements). 
25 Using the above procedure, drBling porosity or drilling sandstone porosity thus found is compensated for 

bit wear, bit, compaction and pore pressure effects. However, drilling porosity is not compensated for other 
doling problems (e.g. bit balling, hanging stabilizers). Both the porosity signal and the porosity log can be com- 
pensated for formation effects (i.e., shale effects) by the above described relationships. 

As discussed above, the three constants A1 , A2 and A3 may be obtained by plotting known formation por- 
30 osity with log (TOR ROP / (WOB 2 RPM)) for dean sand-shale sequences (with a new bit & balanced condi- 
tions). 

An important feature of this invention is the sand porosity with the effects of shale removed. Prior art por- 
osity measurements (i.e., density log derived porosity assuming one matrix) included the effects of shale. It 
is desirable that the effects of shale be removed since generally hydrocarbon deposits are found in the sand 

36 and not in the shale. Therefore, the sand porosity with the shale effects removed provides a more precise in- 
dication of a typical commercial hydrocarbon formation than does the prior art density log derived porosity 
using a constant matrix. The porosity signal and the porosity log both of which are compensated for formation 
effects are defined by the above described relationship. Referring to FIGURE 10, an example of a porosity 
log compensated for formation effects produced by plotter 30 in accordance with the present invention is shown 

40 generally at 104. Log 106 is shown in relation to drilling response tog 103. This log 106 represents formation 
porosity compensated for formation effects, thus identifying lithology changes and detecting drilling problems. 

It will be appreciated that the insitu porosity is derived from mechanical measurements only (i.e., WOB, 
ROP, RPM, TOR and TVD). However, the sand porosity with the shale effects removed (porosity compensated 
for formation effects) requires gamma ray measurement to account for the percentage of shale in the formation 

46 (Eq. 79). Accordingly, two porosity signals and logs are provided. 

DIFFERENTIAL PRESSURE 

Differential pressure can be determined from the drilling response wherein continuous pore pressure is 
so determined under the assumption of the one lithology (e.g., shale). The drilling response log for normal con- 
ditions (i.e.. Pm = Pp) can be expressed as: 

log (TOR ROP / (WOB 2 RPM)) N = log ((TOR / (WOB D))o - log (d o 0 ) ♦ log faFfr)) Eq- 60 
where Ci = log (0.5 tan(9)), and o 0 = Insitu rock strength. 

Referring now to FIGURE 11, tog (TOR ROP / (WOB 2 RPM)) N is the drffling response log 103 for shale 
55 under normal conditions (i.e., Pm = Pp) and line 98 is the shale base line. The shale base line (i.e., shale re- 
sponse curve) 98 is characterized by the geostatic load (i.e., overburden curve) for the region. Line 98 is su- 
perimposed on drilling response curve 1 03 at a shale location where 5P - 0 or is known. The drilling response 
for other than normal conditions (i.e., Pm * Pp) can be expressed as: 
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log (TOR ROP / (WOB 2 RPM)) A ■ log (TOR / (WOB D))o - log (d o 0 > + log (f (Pp, Pm)) * log ft Ffa)) 

Eq. 81 

where: 

f(Pp, Pm) = 1/(1 + (SPa));and Eq. 82 
5 log (TOR ROP / (WOB 2 RPM)) A Is the drilling response log for other than normal conditions (i.e., Pm * Pp). 
From Eqs. 80 and 81 f(Pp, Pm) can also be expressed as: 

f(Pp, Pm) = (TOR ROP / (WOB 2 RPM)) A / ( TOR ROP / (WOB 2 RPM)) N Eq. 83 
Serving Eq. 82 for 6P results in: 

8P * a 1(1 / f{Pp, Pm)) - 1] Eq. 84 
10 where a is a function of bit and rock properties, a = 1 was found to provide good results in shales. 6P can also 
be expressed as: 

5P = oRfTOR ROP / (WOB 2 RPM)h I (TOR ROP / (WOB 2 RPM))*) - 1 J Eq. 85 
by substituting f(Pp. Pm) (Eq. 83) into Eq. 84. 

For a continuous differential pressure the dependence on a in Eq. 85 is eliminated by transforming 
15 sand/shale sequences into one lithdogy (e.g., shale). 

Referring to FIGURE 12 differential pressure 6P is plotted as a function of shale volume (vsh) for clean 
sand shale sequences where gamma ray measurements are employed to determine vsh. The curve 1 07 (5P T ) 
is used to transform resulting data into 1 00% shale. The calculated differential pressure (8P C ) is expressed as: 
6P C = « [((TOR ROP / (WOB 2 RPM)) N / (TOR ROP / (WOB 2 RPM)a)) - 1] Eq. 86 
20 Accordingly the differential pressure (6P) is determined by: 

6P = 8P C - 6P T Eq. 87 

Differential pressure is thus compensated for formation and compaction effects by the above described pro- 
cedure. Also, the differential pressure signal and the differential pressure log are defined by the above descri- 
bed relationships. Referring to FIGURE 13, an example of a differential pressure log produced by plotter 30 
25 in accordance with the present invention is shown generally at 108. Log 108 is shown in relation to drilling re- 
sponse Log 103. This log 108 represents differential pressure and is used to detect drilling problems. Moreover 
with a known mud pressure Pm the formation pore pressure Pp is determined by: 

Pp = Pm - 8P Eq. 88 

and is shown in FIGURE 13 at 109. 

30 It wll be appreciated that the pore pressure signal can be derived from differential pressure (including dif- 

ferential pressure compensated for formation effects) by the relationship of Eq. 88. 

Important features of the present invention are the differential pressure, and the formation pore pressure 
derived from WOB, TOR, ROP, RPM and gamma ray measurements, wherein the gamma ray measurements 
are used to compensate for formation effects. The formation pore pressure and the differential pressure can 

35 be employed to determine desired mud density to be used during drilling operations. It will be further appre- 
ciated that differential pressure (i.e., SP = Pm - Pp) is different from the overpressure porosity described in 
U.S. Patent No. 4,883,914 to Rasmus (described hereinbefore). More particularly, the overpressure porosity 
is the supernormal pressure caused by overburdening (I.e., formation compaction stress increases when water 
is trapped in the porous formation). 

40 

DRILLING ALERTS 

A drilling alert log which provides an early warning of drilling problems is presented. Drilling alerts are as- 
sociated with a lower than normal drilling response. The drilling alert log can be expressed as either a severity 
45 ratio (TOR ROP / (WOB 2 RPM)) N / (TOR ROP / (WOB 2 RPM)) A or a sudden increase in derived differential 
pressure SP. A sudden increase in differential pressure implies a low formation pore pressure Pp, sinoe mud 
pressure Pm is controlled by the operator. 

A maximum differential pressure &P™* associated with standard drilling operations is selected by the op- 
erator. This (SP max) is required during drilling operations in order to maintain a mud pressure Pm in excess 
60 of the formation pore pressure Pp, thus avoiding a blow out or borehole collapse (described hereinbefore). 
Accordingly, any value above SP^ is generally attributed to drflling problems. The maximum differential pres- 
sure 6P OTax during normal drilling is expressed as: 

8P,nax 88 a [{TOR ROP / (WOB 2 RPM)) N / ((TOR ROP / (WOB 2 RPM)) A1 - 1)] Eq. 89 
where (TOR ROP / (WOB 2 RPM)) N is the drilling response when Pm = Pp (I.e., shale base line) and (TOR 
55 ROP / (WOB 2 RPM)) A1 is the drilling response when 6P = SP^. 

The differential pressure at a location contributed by drilling problems is expressed as: 

6Ppmb 55 a [(TOR ROP / (WOB 2 RPM)) N / ({TOR ROP / (WOB 2 RPM))^ - 1)] Eq. 90 
where (TOR ROP / (WOB 2 RPM))a2 id the drilling response at any location with drilling problems (i.e. , abnormal 
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operating conditions). 

A drilling alert (DPR) can be expressed as: 

DPR = SPp^b - 8Pmax Eq. 91 

Substituting Eqs. 89 and 90 provides: 
5 DPR = a (TOR ROP / (WOB* RPM))n [(1 / (TOR ROP / (WOB* RPM))^ - (1 / (TOR ROP / (WOB* 

RPM)) A1 )] Eq.92 

Drilling alerts can be represented on a log as a difference between the drilling problems and the actual 
drilling response curve, as follows: 
DPRI = log [a (TOR ROP / (WOB* RPM)) N ((1 / (TOR ROP / (WOB* RPM))^ - 0 ' (TOR ROP 7 (WOB* 
to RPM)) A i))l - log (TOR ROP / (WOB* RPM))^ 

The drilling alert signal and the drilling alert log are defined by the above described relationship. 

Alternatively, drilling alerts can be expressed as a severity ratio log (TOR ROP / (WOB 2 RPM)) A / (TOR 
ROP / (WOB* RPM)) N . It will be appreciated that the severity ratio log does not employ gamma ray measure- 
ments and, therefore, is in real time at the depth of the bit 
15 Referring to FIGURE 14, an example of a drilling alert log produced by plotter 30 In accordance with the 

present invention is shown generally at 110. Log 110 is shown in relation to drilling response Log 103. The drill- 
ing alert log 11 0 provides continuous monitoring while corrections are being applied. Further, the log provides 
an indication ofthe severity of the problem. Whae the drilling alert log does not identify the source of the drilling 
problem, it does alert the operator of a drilling problem. 

20 

BIT WEAR FACTOR 

Bit wear factor is an indicator of the extent of tooth wear in a bit It varies from 1 for a new bit to 0 for a 
completely worn bit The bit wear factor r\ can be determined by solving Eq. 33 as follows: 

25 n = ( - (m/4) (ROP D / ( WOB RPM)) n1 + (0V4) (ROP D / (WOB RPM)& * 4 (TOR ROP / (WOB 2 RPM)) 
((TORROP/(WOB*RPM)) B1 - (u^4) (ROP D / (WOB RPM)^))^ / (2 (CTOR ROP / (WOB RPM)) fl1 - 

(uV4)(ROPD/(WOBRPM)) n1 )) Eq. 93 
where (ROP D / (WOB RPM)) n1 is the rock drillabflity at the start of a bit run, (TOR ROP / (WOB 2 RPM)) n1 Is 
the drilling response at the start of a bit run. and u« is assumed from empirical data or obtained as the intercept 

30 from the normalized torque TOR / (WOB D) versus rock drt lability ROP D / (WOB RPM) cross plot (FIGURE 
6). While drilling in a shale formation, the normalized torque and rode drillablllty on the shale base line at any 
depth can be taken as the values corresponding to a new bft condition and the measured value of the the 
drilling response wilt be used to represent the start of the bit run. Eq. 93 also expresses a bit wear factor log 
when plotted as a function of depth. 

36 The bit wear factor signal and the bit wear factor log are defined by the above described relationships. It 

should be noted that the bit wear factor 11 may be affected by other drilling problems. Referring to FIGURE 
17, an example of a bit wear factor log produced by plotter 30 in accordance with the present invention is shown 
generally at 1 11 . Log 1 11 detects bit wear and is used to indicate when the bit is to be replaced. This is indicated 
by a line 111a being prior to bit replcementand line 111b being after bit replacement Log 111 is shown in relation 

40 tovsh. 

BEARING WEAR 

For single and multi-oone bits (I.e., Impact bit) the amount of bearing wear can be determined from the 
45 mechanical measurements described herein. With a known WOB, bearing life/wear can be expressed in terms 
of total revolutions (provided no appreciable temperature increases occur). Thus, bearing wear Is linearly re- 
fated to bit revolutions. Bearing life is also dependent on the load applied. Each bearing has a finite service 
life which is specified by its load specifications. However, in a drilling process where drilling mud contains abra- 
sive particles, mud properties (in case of non-sealed bearings) also affect the bearing life. As the bearing 
50 wears, the cones start wobbling thereby causing intermeshlng of teeth on the cones. This causes tooth wear 
and breakage, thus associating bearing wear with tooth wear or breakage. 

A bearing failure which is a result of some form of mechanical abuse, can be related to or expressed by 
an Increase in torque-to-weight ratio as a result of increase in friction at the bearing surfaces. The resulting 
temperature Increase can cause a seal or lubricant failure. The bearing may still roll on (continue to wear loose) 
55 with increased torque or it may lock up. If a bearing locks up. the cone can act as a partial drag bit; In this case 
increased torque is generated since normal torque is higher for drag bits than for impact bits. Accordingly, bit 
torque is an important factor in bearing related problems. 
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The following well known expression is used in estimating bearing wear. 

dB/dt = K WOB* 2 RPM Eq. 94 
where K = a constant depending on operating conditions and exponent a2 expresses effect of bit weight on 
bearing wear and is known to vary between 1.5 and 2, depending on the type of bearing and the mud prop- 
erties. 

The cumulative bearing wear is expressed as: 

B s JdB = JK WOB 2 RPM dt Eq.95 
where a2 = 2i3 assumed and the constant K is assumed to be a function of the type of bearing and fluid prop- 
erties. B = 2 B| ~ K L1 [(WOB 2 RPM / ROP)t ♦ (WOB 2 RPM / ROP 2 * ...J Eq,96 

This expression can be expressed in terms of torque by including the expression for drilling response as 

follows: . _ „_ 

B = KL1 [(TOR./Dr), + (TOR,/D r ) 2 + ...] Eq.97 
where D » TOR,, ROP / (WOB 2 RPM) (i.e., drilling response), TOR a is the measured torque, L1 is the depth 
Interval over which ROP and other drilling measurements are assumed constant, TOR, it the expected bit tor- 
que; and K is a constant depending on the bearing. A bearing wear log results when Eq. 97 is plotted asafunc- 

ti ° n The*ndusion of torque in the model (Eq. 94) is an important feature of the present invention. This allows 
(a) prediction of and/oronset of a bearing failure into the model and (b) demonstrates the potential use of drilling 
20 response for bearing wear predictions. Eq. (97) can also be expressed as: 

B = K L1 [(WOB 2 RPM / ROP), TORn + (WOB 2 RPM / ROP) 2 TORa + ...1 Eq. 98 
where TOR, = (TOR/TORa). 

Thus for no bearing failure or excessive tooth/cutter wear, T„ = TV Therefore, bearing wear Is given by: 
B = K L1 [(WOB 2 RPM / ROP) t + (WOB* RPM / ROPfe * ...] Eq. 99 
28 Accordingly, bearing wear/failure is inversely proportional to drilling response. Therefore, as bearing wear 

increases, drilling response decreases. It will be appreciated that drilling response decreases as the teeth wear 
out Thus, drilling response is effected by both bearing wear and tooth wear. Drilling response Increase can 
be caused by higher than expected torque increase. This abnormal increase in torque caused by friction at 
the bearing surfaces could cause the bearings to fail (seal or lubricant failure due to temperature increase as 
a result of friction). The bearing could lock up causing the cone to act as a partial drag bit Under normal con- 
ditions bearing wear should increase uniformly with depth. 

An increase In the rate of bearing wear may be associated with lower than normal ROP and TOR (low 
drilling response) implying a harder to drill formation and so is associated with higher than r^mal b.twear. A 
decrease in the rate of bearing wear may be associated with higherthan normal TOR and/or ROP (higherdrill- 
ing response) implying an easier to drill formation and so associated with lower than normal bit wear. The bear- 
ing wear signal and the bearing wear log are defined by the above described relationships. Refernng to FIG- 
URE 1 5, an example of a bearing wear log produced by plotter 30 In accordance with the present invention is 
shown generally at 112. 

M TORQUE ANALYSIS 

Depending on the bit. formation and WOB. a certain torque at the bit could be generated. However, more 
than expected (abnormal torque increase) or less than expected torque (abnormal torque loss) can result under 
certain conditions. Abnormal torque increase at the bit can be associated with the following: (1 locked/failed 
45 bearing. (2) undergage bit behind a NB stabilizer, or (3) a llthology change. Abnormal torque toss However, 
can also be associated with tooth/cutter wear. Therefore, abnormal torque (i.e.. abnormal torque increase and 
abnormal torque loss) can be a usefol indicator of some drilling problems. ^ 

The TOR/ (WOB D) ratio for clean sand-shale sequences under normal pore pressure conditions as a func- 
tion of vsh can be expressed as: 
so TOR/ (WOB D) = a1 vsh" + a2vsh"- 1 + ... Eq. 100 

where TOR / (WOB D) is set so that TOR/ (WOB D) = 0 for vsh = 1. 

While keeping track of shales while drilling an average value of TOR /(WOB D) is computed for each depth 
At each depth. Eg. 100 is adjusted so that the (TOR / WOB D) value at vsh=1 equals the actual value of 
TOR/ (WOB D) for shales at that depth. ... 
65 Corresponding to actual vsh at each depth, the expected value of TOR / (WOB D) is determined from Hie 

shifted (adjusted) curve (Eq. 100). The expected torque is then computed using the measured value of wob 
at that depth, thus expected torque (TOR») '» expressed as: 

, TOR, = WOB D (TOR /(WOB D). Eq.101 
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The expected torque TOR. at the bit is then compared to the actual (measured) torque TOR. at the bit to gen- 
erate a torque analysis log {I.e., TOR a - TOR.). If the expected torque is lower than the measured torque, the 
difference is then the abnormal torque increase generated at the bit due to bit problems. If the actual torque 
is lower than expected torque, the difference (or "torque loss") could be due to tooth wear/breakage. Uthology 

5 changes are compensated for in the model. 

Accordingly, MWD measured torque is an important indicator of any drilling abnormalities near the bit. 
Moreover, by simultaneously analyzing abnormal increase or loss of torque, bearing wear and drilling response 
curves it is possible to recognize, isolate and distinguish between various bit related problems while drilling 
(e.g., bearing wear/failure, undergage bits and cutter, i.e., tooth wear) with rock bits. However, with drag bits, 

10 an abnormal increase or loss of torque indicates undergage stabilizers, formation squeeze, cutter wear or 
sloughing shales. The torque analysis signal and the torque analysis log are defined by the above described 
relationships. Referring to FIGURE 16, an example of an a torque analysis log produced by plotter 30 in ac- 
cordance with the present Invention is shown generally at 114. This tog 1 14 represents an abnormal increase 
or loss of torque and can be used to detect driUing problems. 

is While preferred embodiments have been shown and described, various modifications and substitutions 

may be made thereto without departing from the spirit and scope of the invention. Accordingly, it is to be un- 
derstood that the present invention has been described by way of illustrations and not limitations. 



20 Claims 

CLAIM 1. A method for Investigating properties of subsurface formations traversed by a borehole, the 
method comprising the steps of: 

generating while drilling a plurality of signals indicative of formation properties derivable from measure- 
25 merits made while dnHing; 

in response to said plurality of signals, generating a drilling response signal; and 
in response to said drilling response signal, optimizing the drilling process. 
CLAIM 2. The method of claim 1 further comprising the step of: 

in response to said drilling response signal, generating a drilling response log. 
30 CLAIM 3. A drilling response log produced in accordance with the method of claim 2. 

CLAIM 4. The method of claim 1 wherein said derivable formation properties comprise properties repre- 
sentative of the mechanical process of drilling the borehole. 

CLAIM 5, The method of claim 4 wherein said properties representative of the mechanical process of drill- 
ing the borehole include weight on bit (WOB), bit torque (TOR), bit revolutions (RPM) and rate of penetration 
35 (ROP). 

CLAIM 6. The method of claim 2 wherein said drilling response log comprises the following relationship: 
drilling response log = log (TOR ROP / (WOB 2 RPM)) 
where, 

TOR = bit torque, 
40 ROP = rate of penetration, 
WOB = weight on bit, 
RPM - bit revolutions. 

CLAIM 7. The method of claim 2 wherein said drilling response log includes a shale base line. 
CLAIM 8. The method of claim 7 further Including the step of: 
45 orientating said shale base line relative to said drlling response log. 

CLAIM 9. The method of claim 1 further comprising the steps of: 

in response to said drilling response signal, generating a porosity signal; and 
in response to said porosity signal, optimizing the drilling process. 
CLAIM 10. The method of claim 9 further comprising the step of: 
so in response to said porosity signal, generating a porosity log. 

CLAIM 11. A porosity log produced In accordance with the method of claim 10. 
CLAIM 12. The method of claim 9 further including the step of: 

compensating said porosity signal for formation effects. 
CLAIM 13. The method of claim 12 further comprising the step of: 
55 In response to said porosity signal, generating a porosity log. 

CLAIM 14. A porosity log produced In accordance with the method of claim 13. 

CLAIM 15. The method of daim 12 wherein at least one of said derivable formation properties comprise 
a property representative of natural radioactivity of the formation. 
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CLAIM 16. The method of claim 15 wherein said property representative of natural radioactivity comprises: 
measuring a plurality of emitted gamma rays to provide a signal indicative of the shale volume in the 
formation. 

CLAIM 17. The method of claim 16 wherein said compensating said porosity signal comprises: 
5 reducing said porosity signal by a product of said shale volume signal and a shale porosity signal. 

CLAIM 1 8. The method of claim 17 wherein said shale porosity signal comprises thefdlowing relationship: 
shale porosity = <ca tvd> 
where, 

4w is the equivalent surface porosity of shale, 
10 C3 is a constant, 

TVD = true vertical depth. 

CLAIM 13. The method of claim 10 wherein said porosity log comprises the following relationship: 
porosity log = A1 (log (TOR ROP / (WOB 2 RPM))) 2 + A2 (log (TOR ROP / (WOB* RPM))) + A3 
where, 

f5 TOR ROP / (WOB 2 RPM) = drilling response, 
TOR = bit torque, 
ROP = rate of penetration, 
WOB = weight of bit, 
RPM = bit revolutions, 
20 A1 , A2 and A3 are constants. 

CLAIM 20. The method of dalm 13 wherein said porosity log comprises the following relationship: 
porosity log = A1 Cog (TOR ROP / (WOB 2 RPM))) 2 + A2 (log (TOR ROP / (WOB 2 RPM))) + A3 
where, 

TOR ROP / (WOB 2 RPM) = drilling response, 
25 TOR = bit torque, 

ROP = rate of penetration, 
WOB = weight of bit, 
RPM = bit revolutions, 
A1, A2 and A3 are constants. 
30 CLAIM 21. The method of claim 1 further comprising the steps of: 

in response to said drfling response signal, generating a differentia] pressure signal; and 
in response to said differential pressure signal, optimizing the drilling process. 
CLAIM 22. The method of claim 21 further comprising the step of: 
; in response to said differential pressure signal, generating a differential pressure log. 
35 CLAIM 23. A differential pressure log produced in accordance with the method of claim 22. 

CLAIM 24, The method of claim 21 further including the step of: 

determining formation pore pressure from said differential pressure signal. 
CLAIM 25. The method of daim 21 further including the steps of. 

determining desired drilling mud density from said differential pressure signal; and 
40 adjusting drilling mud density to said desired drilling mud density. 

CLAIM 26. The method of daim 21 further including the step of. 

compensating said differential pressure signal for formation effects. 
CLAIM 27. The method of daim 26 wherein at least one of said derivable formation properties comprise 
a property representative of natural radioactivity of the formation. 
45 CLAIM 28. The method of dalm 27 wherein said property representative of natural radioactivity comprises: 

measuring a plurality of emitted gamma rays to provide a signal indicative of the shale volume in the 
formation. 

CLAIM 29. The method of daim 28 further induding the step of: 

deriving a transformed differential pressure signal to correspond to said shale volume signal. 
so CLAIM 30. The method of daim 29 wherein said compensating said differential pressure signal comprises: 

reducing said differential pressure signal by said transformed differential pressure signal. 
CLAIM 31. The method of daim 22 wherein said differential pressure log comprises the following relation- 
ship: 

differential pressure log = a {(TOR ROP / (WOB* RPM)) N / (TOR ROP / (WOB 2 RPM))*) - 1) 

55 where, 

(TOR ROP / (WOB 2 RPM)) N = drilling response under normal pore pressure conditions, 
(TOR ROP / (WOB 2 RPM)) A = drilling response under other than normal conditions, 
TOR = bit torque, 
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ROP = rate of penetration, 
WOB = weight on bit, 
RPM * bit revolutions, 

a is a function of bit geometry and rock properties. 
5 CLAIM 32. The method of claim 1 furt 

. in response to said drflling response signal, generating a drilling alert signal; and 

in response to said drilling alert signal, optimizing the drilling process. 
CLAIM 33. The method of claim 32 further comprising the step of: 
in response to said drilling alert signal, generating a drilling alert log. 
10 CLAIM 34. A drflling alert log produced in accordance with the method of claim 33. 

CLAIM 35. The method of daim 33 wherein said drilling alert log comprises the following relationship: 
drilling alert log = log ((TOR ROP / (WOB* RPM))n a (1 / (TOR ROP / (WOB* RPM))^ - (1 / (TOR 
ROP / (WOB* RPM)) A1 )) - (log (TOR ROP / (WOB* RPM))**) 

where, 

15 (TOR ROP / (WOB* RPM)) N * drilling response for pore pressure equivalent to mud pressure, 

(TOR ROP / (WOB* RPM)) A1 « drilling response for a selected maximum differential pressure, 

(TOR ROP / (WOB* RPM))a2 « drilling response for a drflling problem, 

TOR = bit torque, 

ROP - rate of penetration, 
20 WOB = weight on bit, 

RPM = bit rotations, 

a is a function of bit geometry and rock properties. 

CLAIM 36. The method of claim 33 wherein said drilling alert log comprises a severity ratio, said severity 
ratio comprising the following relationship: 
25 severity ratio = (TOR ROP / (WOB* RPM)) A / (TOR ROP / (WOB* RPM))n 

where, 

(TOR ROP / (WOB* RPM)) A * drilling response under other than normal conditions, 
(TOR ROP / (WOB* RPM)) N * drilling response under normal pore pressure conditions, 
TOR ■ bit torque, 
30 ROP » rate of penetration, 
WOB - weight on bit, 
RPM = bit rotations. 

CLAIM 37. The method of daim 1 further comprising the steps of: 

in response to said drilling response signal, generating a bit wear factor signal; and 
35 in response to said bit wear factor signal, optimizing the drilling process. 

CLAIM 38. The method of daim 37 further comprising the step of: 

in response to said bit wear factor signal, repladng the bit 
CLAIM 39. The method of daim 37 further comprising the step of: 

in response to said bit wear factor signal, generating a bit wear factor log. 
40 CLAIM 40. A bit wear factor log produced in accordance with the method of daim 39. 

CLAIM 41. The method of daim 39 wherein said bit wear factor log comprises the following relationship 
when plotted as a function of depth: 

bit wear factor log = ( - (m/4) (ROP D / (WOB RPM)) nl + (ipJ4) (ROP D / (WOB RPM))*, + 4 (TOR 
ROP /(WOB* RPM)) ((TOR ROP/ (WOB* RPM))m - (u«/4) (ROP D / (WOB ' RPM)X,i)) ia ) / (2 ((TOR 
45 ROP / (WOB RPM)) n1 - «m/4) (ROP D / (WOB RPM))m)) 

where, 

(ROP D / (WOB RPM)) n1 = rock drilabillty at the start of a bit run. 
(TOR ROP / (WOB* RPM)) n1 = drilling response at the start of a bit run, 
= effective coefficient of friction between the bit and the formation, 
50 TOR = bit torque, 

ROP = rate of penetration, 
WOB = weight on bit, 
RPM = bit rotations. 

CLAIM 42. The method of daim 1 further comprising the steps of: 
55 in response to said drlling response signal, generating a bearing wear signal; and 

in response to said bearing wear signal optimizing the drilling process. 
CLAIM 43. The method of daim 42 further comprising the step of: 
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In response to said bearing wear signal, replacing the bit 
CLAIM 44. The method of daim 42 further comprising the step of: 

in response to said bearing wear signal, generating a bearing wear log. 
CLAIM 45. A bearing wear log produced in accordance with the method of daim 44. 
5 CLAIM 46. The method of claim 44 wherein said bearing wear log comprises the following relationship 

when plotted as a function of depth: 

bearing wear log = K L1 ((TOR© / (TOR a ROP / (WOB 2 RPM)))i + (TOR* I (TOR a ROP / (WOB* 

where, 

10 TOR, ■ bit torque expected , 

TOR. ROP / {WOB 2 RPM) = drilling response, 
L1 « depth interval, 

K= a constant depending on bearing wear, 
TORa = measured bit torque, 
15 ROP = rate of penetration, 
WOB = weight on bit, 
RPM = bit revolutions. 

CLAIM 47. A method for investigating properties of subsurface formations traversed by a borehole, the 
method comprising the steps of: 
20 generating while drilling a plurality of signals indicative of formation properties derivable from measure- 

ments made while drilling; 

In response to said plurality of signals, generating a porosity signal; and 
in response to said porosity signal, optimizing the drilling process. 
CLAIM 48. The method of daim 47 further comprising the step of: 
25 in response to said porosity signal, generating a porosity log. 

CLAIM 49. A porosity log produced in accordance with the method of claim 48. 

CLAIM 50. The method of claim 47 wherein said derivable formation properties comprises properties rep- 
resentative of the mechanical process of drilling the borehole. 

CLAIM 51- The method of daim 50 wherein said properties representative of the mechanical process of 
30 drilling the borehole indude weight on bit (WOB), bit torque (TOR), bit revolutions (RPM) and rate of penetration 
(ROP). 

CLAIM 52. The method of daim 47 further induding the step of: 

compensating said porosity signal for formation effects. 
CLAIM 53. The method of daim 52 further comprising the step of: 
35 in response to said porosity signal, generating a porosity log. 

CLAIM 54. A porosity log produced in accordance with the method of daim 53. 

CLAIM 55. The method of daim 52 wherein at least one of said derivable formation properties comprise 
a property representative of natural radioactivity of the formation. 

CLAIM 56. The method of daim 55 wherein said property representative of natural radioactivity comprises: 
40 measuring a plurality of emitted gamma rays to provide a signal indicative of the shale volume in the 

formation. 

CLAIM 57. The method of daim 56 wherein said compensating said porosity signal comprises: 

reducing said porosity signal by a product of said shale volume signal and a shale porosity signal. 
CLAIM 58. The method of daim 57 wherein said shale porosity signal comprises the fdlowing relationship: 
45 shale porosity = er tvo) 
where, 

O w is the equivalent surface porosity of shale, 

C3 is a constant 

TVD = true vertical depth. 

so CLAIM 59. The method of daim 48 wherein said porosity log comprises the following relationship: 

porosity log = A1 (log (TOR ROP / (WOB 2 RPM))) 2 ♦ A2 (log (TOR ROP / (WOB 2 RPM)) + A3 
where, 

TOR ROP / (WOB 2 RPM) = drilling response, 
TOR = bit torque, 
ss ROP = rate of penetration. 
WOB = weight of bit, 
RPM = bit revolutions, 
A1 , A2 and A3 are constants. 
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CLAIM 60. The method of claim 53 wherein said porosity log comprises the following relationship: 
porosity log = A1 (log (TOR ROP / (WOB 2 RPM))) 2 + A2 (log (TOR ROP / (WOB 2 RPM)) ♦ A3 
where, 

TOR ROP / (WOB 2 RPM) ■ drilling response. 
5 TOR a bit torque, 

ROP = rate of penetration, 
WOB = weight of bit, 
RPM = bit revolutions, 
A1, A2 and A3 are constants. 
10 CLAIM 61 . A method for Investigating properties of subsurface formations traversed by a borehole, the 

method comprising the steps of: 

generating while drilling a plurality of signals Indicative of formation properties derivable form measure- 
ments made while drilling; 

in response to said plurality of signals, generating a differential pressure signal; and 
16 in response to said differential pressure signal, optimizing the drilling process. 

CLAIM 62. The method of claim 61 further comprising the step of: 

in response to said differential pressure signal, generating a differential pressure log. 
CLAIM 63. A differential pressure log produced in accordance with the method of claim 62. 
CLAIM 64. The method of claim 61 further including the step of. 
20 determining formation pore pressure from said differential pressure signal. 

CLAIM 65. The method of claim 61 further including the steps of: 

determining desired drilling mud density from said differential pressure signal; and 
adjusting drilling mud density to said desired drilling mud density. 
CLAIM 66. The method of claim 61 wherein said derivable formation properties comprises properties rep- 
25 resentative of the mechanical process of drilling the borehole. 

CLAIM 67. The method of claim 66 wherein said properties representative of the mechanical process of 
driling the borehole Include weight on bit (WOB), bit torque (TOR), bit revolutions (RPM) and rate of penetration 
(ROP). 

CLAIM 68. The method of claim 61 further including the step of: 
do compensating said differential pressure signal for formation effects. 

CLAIM 69. The method of claim 68 wherein at least one of said derivable formation properties comprise 
a property representative of natural radioactivity of the formation. 

CLAIM 70. The method of claim 69 wherein said property representative of natural radioactivity comprises: 
measuring a plurality of emitted gamma rays to provide a signal indicative of the shale volume in the 
3S formation. 

CLAIM 71. The method of claim 70 further including the step of: 

deriving a transformed differential pressure signal to correspond to said shale volume signal. 
CLAIM 72. The method of claim 71 wherein said compensating said differential pressure signal comprises: 
reducing said differential pressure signal by said transformed differential pressure signal. 
40 CLAIM 73. The method of claim 62 wherein said differential pressure log comprises the following relation- 

ship: 

differential pressure log = a ((TOR ROP / (WOB* RPM)) N / (TOR ROP I (WOB* RPM))a) - 1) 

where, 

(TOR ROP / (WOB* RPM)) N = drilling response under normal pore pressure conditions, 
45 (TOR ROP / (WOB 2 RPM)) A = drilling response under other than normal conditions, 
TOR = bit torque, 
ROP = rate of penetration, 
WOB = weight on bit. 
RPM - bit revolutions, 
so a is a function of bit geometry and rock properties. 

CLAIM 74. A method for investigating properties of subsurface formations traversed by a borehole, the 
method comprising the steps of: 

generating while drilling a plurality of signals indicative of formation properties derivable from measure- 
ments made while driling; 
55 in response to said plurality of signals, generating a drilling alert signal; and 

in response to said drilling alert signal, optimizing the drilling process. 
CLAIM 75. The method of daim 74 further comprising the step of. 
in response to said drilling alert signal, generating a drilling alert log. 
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CLAIM 76. A drilling alert log produced In accordance with the method of claim 75. 
CLAIM 77. The method of claim 74 wherein said derivable formation properties comprises properties rep- 
resentative of the mechanical process of drilling the borehole. 

CLAIM 78. The method of claim 77 wherein said properties representative of the mechanical process of 
5 drilling the borehole include weight on bit (WOB), bit torque (TOR), bit revolutions (RPM) and rate of penetration 
(ROP). 

CLAIM 79. The method of claim 75 wherein said drilling alert log comprises the following relationship: 
drilling alert log = log ((TOR ROP / (WOB* RPM)fo a (1 / (TOR ROP / (WOB* RPM))/*) - (1 / (TOR 
ROP / (WOB* RPM)) A1 )) - (log (TOR ROP / (WOB 2 RPM))^ 

10 where, 

(TOR ROP / (WOB 2 RPM)) N = drilling response for pore pressure equivalent to mud pressure, 
(TOR ROP / (WOB* RPM)) A1 = drilling response for desired operating conditions, 
(TOR ROP / (WOB* RPM))a2 = drilling response for a drilling problem, 
TOR = bit torque, 
is ROP = rate of penetration, 
WOB = weight on bit 
RPM = bit rotations; 

a is a function of bit geometry and rock properties. \ 

CLAIM 80. The method of claim 75 wherein said drilling alert log comprises a severity ratio, said severity 
20 ratio comprising the following relationship: 

severity ratio = (TOR ROP / (WOB 2 RPM)) A / (TOR ROP / (WOB 2 RPM)) N 

where, 

(TOR ROP / (WOB* RPM)) A = drilling response under other than normal conditions, 
(TOR ROP / (WOB 2 RPM))n - drilling response under normal pore pressure conditions, 
25 TOR = bit torque, 

ROP = rate of penetration, 
WOB « weight on bit, 
RPM = bit rotations. 

CLAIM 81. A method for investigating properties of subsurface formations traversed by a borehole, the 
30 method comprising the steps of: 

generating while drilling a plurality of signals indicative of formation properties derivable from measure- 
ments made while drilling; 

in response to said plurality of signals, generating a bit wear factor signal; and 
in response to said bit wear factor signal, optimizing the dilling process. 
35 CLAIM 82. The method of claim 81 further comprising the step of: 

in response to said bit wear factor signal, replacing the bit 
CLAIM 83. The method of claim 81 further comprising the step of: 

in response to said bit wear factor signal, generating a bit wear factor log. 
CLAIM 84. A bit wear factor log produced in accordance with the method of claim 83. 
40 CLAIM 85. The method of claim 81 wherein said derivable formation properties comprises properties rep- 

resentative of the mechanical process of d nil in g the borehole. 

CLAIM 86. The method of claim 85 wherein said properties representative of the mechanical process of 
drilling the borehole include weight on bit (WOB), bit torque (TOR), bit revolutions (RPM) and rate of penetration 
(ROP). 

45 CLAIM 87. The method of claim 83 wherein said bit wear factor log comprises the following relationship 

when plotted as a function of depth: 

bit wear factor log * ( - (n^4) (ROP D / (WOB RPM)) n1 + ( (u*/4) (ROP D / (WOB RPM)ft + 4 (TOR 
ROP / (WOB* RPM)) ((TOR ROP/(WOB2 RPM))^ - W*) {ROP D / (WOB RPM)),*)) 172 ) / £ ((TOR 
ROP / (WOB RPM)) M - (W4) (ROP D / (WOB RPM)) n1 )) 

60 where, 

(ROP D / (WOB RPM)) n1 = rock disability at the start of a bit run, 
(TOR ROP / (WOB 2 RPM)) ft1 = drilling response at the start of a bit run, 
u«, ■ effective coefficient of friction between the bit and the formation, 
TOR = bit torque. 
66 ROP = rate of penetration, 
WOB = weight on bit, 
RPM =* bit rotations. 
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CLAIM 88. A method for investigating properties of subsurface formations traversed by a borehole, the 
mBthod comprising the steps of: 

generating while drilling a plurality of signals indicative of formation properties derivable from measure- 
ments made while drilling; 
5 in response to said plurality of signals, generating a torque analysis signal; and 

In response to said torque analysis signal, optimizing the drilling process. 
CLAIM 83. The method of claim 88 further comprising the step of: 
- in response to said torque analysis signal, generating a torque analysis log. 
CLAIM 90. A torque analysis log produced in accordance with the method of claim 89. 
fo CLAIM 91. The method of claim 88 wherein said derivable formation properties comprises properties rep- 

resentative of the mechanical process of drilling the borehole. 

CLAIM 92. The method of claim 91 wherein said properties representative of the mechanical process of 
drilling the borehole include weight on bit (WOB), bit torque (TOR), bit revolutions (RPM)and rate of penetration 
(ROP). 

15 CLAIM 93. The method of claim 89 wherein said abnormal torque log comprises the following relationship: 

torque analysis log = TOR^ - TOR* 
where, 

TOR* = measured bit torque, 
TO R« = expected bit torque. 

20 CLAIM 94. A method for investigating properties of subsurface formations traversed by a borehole, the 

method comprising the steps of: 

generating while drilling a plurality of signals indicative of formation properties derivable from measure- 
ments made while drilling; 

in response to said plurality of signals, generating a bearing bear signal; and 
28 In response to said bearing wear signal, optimizing the drilling process, 

CLAIM 95. Trie method of claim 94 further comprising the step of: 

in response to said bearing wear signal, generating a bearing wear log. 
CLAIM 96. The method of daim 95 further comprising the step of: 
in response to said bearing wear signal, replacing the bit. 
30 CLAIM 97. A bearing wear log produced in accordance with the method of daim 95. 

CLAIM 98. The method of claim 94 wherein said derivable formation properties oomprises properties rep- 
resentative of the mechanical process of drilling the borehole. 

CLAIM 99. The method of daim 98 wherein said properties representative of the mechanical process of 
drlling the borehole indude weight on bit (WOB), bit torque (TOR), bit revolutions (RPM) and rate of penetration 
35 (ROP). 

CLAIM 100, The method of daim 95 wherein said bearing wear log comprises the following relationship 
when plotted as a function of depth: 

bearing wear log = K L1 ((TOR^ / (TOR,, ROP / (WOB 2 RPM)))i + (TOR. / (TOR„ ROP / (WOB 2 RPM ))) 2 + ... 
where, 

40 TOR. = bit torque expected, 

TOR. ROP / (WOB 2 RPM) = drilling response, 

L1 = depth interval over which ROP is measured, 

K = a constant depending on bearing wear, 

TOR. = measured bit torque. 
45 ROP = rate of penetration. 

WOB -weight on bit, 

RPM = bit revolutions. 

CLAIM 101. A method for investigating properties of subsurface formations traversed by a borehole, the 
method comprising the steps of: 
so generating while drilling a plurality of signals Indicative of formation properties derivable from measure- 

ments made while drflling; 

in response to said plurality of signals, generating a normalized torque signal; 
in response to said plurality of signals, generating a rock drill ability signal; 

in response to said normalized torque signal and said rock dnl lability signal, optimizing the drilling process. 
55 CLAIM 102. The method of claim 101 wherein said derivable formation properties comprises properties 

representative of the mechanical process of drilling the borehole. 

CLAIM 103. The method of claim 102 wherein said properties representative of the mechanical process 
of drflling the borehole include weight on bit (WOB), bit torque (TOR), bit revolutions (RPM) and rate of pene- 
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tration (ROP). 

CLAIM 104. The method of claim 101 wherein said normalized torque comprises the following relationship: 
normalized torque = TOR / (WOB D) 
where: 
5 TOR * bit torque, 

WOB = bit revolutions, 
D = bit diameter. 

CLAIM 105. The method of claim 101 wherein said rock drBlability signal comprises the following relationship: 
rock disability = ROP D / (WOB RPM) 
10 where: 

ROP = rate of penetration, 
D = bit diameter, 
WOB = weight on bit, 
RPM = bit revolutions. 

16 CLAIM 1 06. The met hod of claim 1 01 wherein said rock drill a bil rty signal and said normalized torque signal 

comprise the following linear relationship: 

TOR / (WOB D) = S,(f(n)) + S 2 (ROP D / (WOB RPM)) 

where, 

TOR / (WOB D) = normalized torque, 
20 ROP D / (WOB RPM) = rock drBlability, 

TOR = bit torque, 

WOB = weight on bit, 

D = bit diameter, 

ROP = bit revolutions, 
23 RPM = bit revolutions, 

51 = y intercept, 

52 = slope, 

f(r|) = bit wear function. 

CLAIM 1 07. The method of claim 1 06 wherein said y intercept comprises the following relationship for a 
30 drag bit 

Si - GV4)cos<9) 

where, 

m = effective coefficient of friction between the bit and the formation, 
4 = side rake angle for the bit; and 
35 wherein said slope comprises the following relationship; 

Sa = (x/8c1) (1 - M<t/t)) <tan(8)c1) 

where, 

t = insitu shear strength, 
d = a constant, 
40 a = Insitu rock strength, 

8 = back rake angle for the bit, 
ffo) = 1. 

CLAIM 108. The method of daim 106 wherein said slope comprises the following relationship for an impact 

bit 

45 Sa = (e tan(9)) / (8 tan(6)) 

where. 

0 = half wedge angle for the tooth. 
a = insitu rock strength, 
6 = angle of faflure for the formation; and 
so wherein said y Intercept comprises the following relationship; 

= (a1 c2 / 4) (n((t/o) (1/(c1 tan(8))) - tan(9) / tan(5)) + n (1 - n)) 

where, 

et1 = is a factor dependent on rock and bit, 
c2 = a bit constant, 
ss t| = bit wear factor, 

x = insitu shear strength, 

d = a proportionality constant, 

H = coefficient of friction. 
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